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ABSTRACT
The single most important issue in the design and operation of a seal in a refrigeration compressor is to keep
the seal face temperature at an acceptable level.
The design of seals in these systems is today to a large extent based on previous experience and trial and error.
Limited work has been published on the design principles for seals in refrigeration compressors. Berriff et. al. [ 1]
made an investigation showing that a multi-port arrangement with a set of small jets directed towards the seal
interface proved to substantially reduce the seal temperature. They found that lower seal temperature was not
necessarily obtained by lubricating the seal with a sub-cooled oil-refrigerant mixture. Plumridge et. al [2] showed
the advantage of metal bellows seals in order to obtain low leak rates.
The present work is focused directly on how the design of the seal cavity and operating parameters affects the
seal face temperature. The following parameters have been studied: Seal chamber geometry and oil injection
arrangement, seal cavity pressure, lubricant flow rate, base oil viscosity, rotating bellows vs. rotating mating ring,
and exposed mating ring area. The results can easily be incorporated into the design of a shaft seal system for a
refrigeration compressor and it is shown how the seal temperature can be reduced by iterative design changes of the
system. The findings have also been verified by field trials using commercial chillers.
The paper includes results from two bench top seal testers and results from field trials using two chillers fitted
with instrumented seals allowing the face temperature to be measured.

INTRODUCTION
The rapid change from chlorinated refrigerants to non chlorinated and natural refrigerants has put a very high
demand on compressor manufacturers to develop new equipment designed for these new more environmentally
friendly refrigerants. International treaties and national regulations have also increased the demands of reduced
leakage. There is also an increasing demand from equipment users for lower life cycle cost.
Today, the design of shaft seals used in refrigeration compressors is based on general engineering
recommendations [3], [4] previous experience and trial and error. Improved shaft seal design with new materials and
better manufacturing methods have not been fully realized. Many possibilities have been suggested in the literature
[5]. The lack of handbook information and proven design criteria data can make shaft seal design a hazardous
process with possible delays of new products and high warranty costs. The environmental concerns about leakage of
harmful substances does also influence the design in order to minimize the leakage past the seal. Plumridge et. al [2]
has shown that the welded metal bellows seals has the greatest potential to reduce leakage due to the controlled face
forces that can be obtained with such designs.
By reviewing the seal designs and seal cavity design from different manufacturers or even by comparing
designs from one single manufacturer, one can conclude that there is a big variety of design concepts used. There are
several varieties used; such as Rotating mating ring/Stationary mating ring, Bellows seals/Pusher seals, Welded
bellows/Hydro formed bellows, Free drained seal cavity/Restricted drainage cavities etc.
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Barnes et al [6] did a systematic study on the effect of cavity design on the heat transfer of face seals in pump
applications. There is also some work published on research of face seals for refrigeration applications. Berriff et. al.
[1] conducted an investigation showing that a multi-port arrangement with a set of small jets directed towards the
seal interface proved to substantially reduce the seal face temperature. This work indicated that lower seal
temperature was not necessarily obtained by lubricating the seal with a sub-cooled oil-refrigerant mixture generated
by increasing the chamber pressure.
This paper is the result of a joint effort and a compilation of work that has been carried out in parallel at three
locations. The motivation to this work is to give a more complete picture on how the seal cavity design, oil viscosity
selection and flow rate affects the performance of a mechanical seal in a refrigeration compressor. The present paper
utilizes results gained from bench top laboratory tests and field testing to establish a basis for possible future
practices and standards for designing refrigeration compressor seal chambers.

EXPERIMENTAL METHOD
Three different test setups have been used in this study. Two bench top seal testers have been used for the more
fundamental work since this type of test equipment is easier to allow changes to be made to the shaft seal geometry.
It is also much more convenient to change the oil-refrigeration pair in such an apparatus. However the lubrication
system used in the bench top testers is rather simplified in comparison to a full-scale compressor. The authors have
therefore decided to include data from full-scale field trials with a commercial screw compressor chiller unit.
The apparatus used in this study is a test fixture for a bellows shaft seal test. The test fixture is fitted with a
static oil circulation system that has been used to evaluate the effect on seal/housing clearance, the effect of flow
rate, cavity pressure and seal configuration. A separate laboratory rig designed with a static oil bath has been used to
study the effect of lubricant viscosity on shaft seal face temperatures.

The circulating lubrication system seal tester
This rig that was designed around a symmetric seal that could be configured either with rotating bellows or
with a stationary bellows. Figure 1 is a schematic of the rig design where the two configurations are shown.

Figure 1

Principle design of the seal test chamber showing both rotating, (top), and stationary, (bottom),
configuration of the mating ring.

A thermocouple wire was routed through the shaft so that the temperature of the rotating mating ring could be
measured through a hole from the back of the mating ring ending less than 1 mm from the seal surface.
The seal had a carbon insert working against a silicon carbide mating ring. Secondary sealing was provided
with standard Neoprene 0-rings on the inner diameter of the seal. The mean diameter of the seal was 58mm. The
mating ring had an outer diameter of 70 mm and an inner diameter of 48 mm. The width of the mating ring was 16
mm.
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The oil circulation system was designed to deliver a constant flow of lubricant refrigerant mixture at a
controlled temperature and flow. The design of the system is shown in Figure 2. The temperature was controlled by
a PID regulator through a water valve on the plate heat exchanger. The lubricant flow rate could be adjusted
between 0 and 6.5 Vmin.

Heat exchanger

Figure 2

Design of the oil circulation system

The filter on the return line was installed to prevent damage to the pump in case particles were generated by
the seal. Oil inlet and outlet temperatures were measured using thermocouples. Tank pressure and seal cavity
pressure were measured using strain gauge pressure transmitters.
One of the two shaft seal configurations illustrated in Figure 1 was selected, the system was filled with the test
lubricant and evacuated before adding refrigerant. The concentration of refrigerant in the lubricant was determined
gravimetrically by outgassing the refrigerant from a small sample.

The static oil bath seal tester
The seal test apparatus, shown in Figure 3, has a chamber, which is mounted on bearings, and a load cell to
measure the torque that is generated by the seal. The chamber is filled with a pressurized mixture of refrigerant and
compressor oil, and a single pressure drop exists across the seal interface.
Tests are typically conducted using a system temperature of93 °C, a pressure of 680 kPa, and a speed of 3500
rpm. Active cooling is provided around the outside of the test chamber in order to control the temperature. Tests are
conducted in continuous running mode for the first 24 hours, followed by 144 hours of cyclic testing, and then an
additional 24 hours of continuous running. A dedicated computer collects data on the torque, chamber temperature,
seal temperature, pressure, and speed. Oil leakage is measured by monitoring the weight of a collection tube.

Figure 3

Design of the static oil bath test rig.
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Field test in chiller
The goal for this test was to evaluate the influence of lubricant viscosity and the effectiveness of the multi-port
oil injector developed during the work that was in part described by Berrif et. al. [1]. The objective was to study
eventual synergy effects between high/low oil viscosity and a conventional oil supply/multi port injector lubrication
system. The instrumented shaft seal was installed in a commercial chiller with a SiC/SiC rotating bellows seal
arrangement. The unit was operated on comfort cooling duty for a few months with a ISO VG 150 POE lubricant.
This oil was then replaced with a ISO VG 85 POE lubricant.

RESULTS AND DISCUSSION
Effect of seal cavity pressure
It is a common belief that it is favorable to maintain a high pressure in the seal chamber in order to prevent
boiling and corona formation around the seal faces thereby obtaining better heat transfer. However, higher pressures
do generate higher friction in the seal causing higher power loss. Figure 4 illustrates how the shaft seal face
temperature is dependant on the seal chamber pressure. The equilibrium pressure for the lubricant mixture at 40°C is
approximately 600kPa. The lubricant used was a mixed acid ISO VG 68 POE with 20% R-134a
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Seal temperature vs. seal cavity pressure.

The measurements show that the heat transfer associated with a stationary mating ring arrangement can be
improved with a slight increase in seal chamber pressure. However, it is evident that an arrangement with a rotating
mating ring does not benefit from an increased chamber pressure.

Effect of lubricant flow rate
The shaft seal face temperature is dependant on lubricant flow rate and also depends on seal arrangement and
seal chamber geometry. A design with a narrow gap between the seal and the chamber was used to generate the
curves in Figure 5. This was found to be relatively insensitive for low flow rates. A design with a stationary mating
ring needs a higher oil flow in order to obtain good heat transfer between the fluid and the seal as shown in Figure 6.
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Effect of exposed mating ring area
A common seal design in refrigeration compressors has the mating ring fitted into the cover of the seal
chamber. The secondary seal is normally sealing on the outer diameter. The disadvantage with this design is that
only a small portion of the mating ring is exposed to the lubricant in the cavity. In order to study this effect a ring
was positioned over the mating ring so that only 3 mm of the ring was exposed directly to the lubricant in the cavity.
The result from these measurements showed that it is beneficial to expose the mating ring to the lubricant at running
conditions where there is a high flow rate of lubricant to the shaft seal cavity. As shown in Figure 6, no difference
could be seen at low flow rates. One explanation for this observation, is that the mating ring is insulated by gas
bubbles when the flow rate is reduced thereby reducing the heat transfer from the mating ring to the fluid. At higher
flows in the chamber, the gas bubbles are believed to be removed by the lubricant flow velocity thereby improving
the heat transfer.
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Effect of lubricant viscosity on face temperature and leakage rate
A number of tests were conducted to evaluate the effect of oil viscosity on leakage and temperature generation
at the seal. Four tests were run using a metal bellows seal design with silicon carbide face materials. Three of the
tests were conducted using R-22 refrigerant with POE oils with oil viscosity of: 320, 150, and 85cSt respectively at
40°C. An additional test was conducted with R-134a refrigerant and a POE oil with a viscosity of 32cSt. In each test
a refrigerant concentration of approximately 10% by weight was used.
Of the four tests, the lowest viscosity oil (ISO VG 32 POE I R-134a) produced the lowest temperature at the
shaft seal face and also produced the lowest leakage rate. A total accumulated leakage of only 0.3g was collected
over a test period of 192 hours, which equates to a leakage rate of 1.5g per 1000 hours of running. The peak
temperature at the shaft seal face was about 40°C above the temperature in the chamber.
The highest leakage occurred during the test using the ISO VG 320 POE I R-22 mixture. This test, which ran
for only a few hours, was aborted early due to extremely high leakage. During this test a peak temperature was
measured at the seal which was about 110°C greater than the temperature in the chamber.
Tests performed with the ISO VG 85 POE and ISO VG 150 POE oils showed leakage rates of29g/1000h and
150g/1000h respectively. Information on the leakage and peak temperature measurements from all four tests is
presented in Table 1.
Table 1

Temperature and leakage measurements from the oil viscosity seal tests.

Oil Viscosity I Refrigerant
ISO VG 32 POEIR134a
ISO VG 85 POE/ R-22
ISO VG 150 POE/ R-22
ISO VG 320 POE/R-22

Leakage [mg/h]
1.5
29
150
620

Peak Temp [ C]
132
168
178
204
0

The above data clearly shows that the seal leakage and temperature are strongly influenced by the oil viscosity.
Post test observations on the seal surfaces showed that no changes in surface features had occurred during testing for
the silicon carbides in the ISO VG 320 POE oil and ISO VG 150 POE oil testing environments, and that the seals
were running on very thick films with practically no surface to surface contact.
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However, the SiC seal surfaces running in the ISO VG 32 POE oil showed that wear had occurred and that an
increase in surface roughness had been produced during running. The leakage in this test was extremely low and the
results suggest that the seals were running in the boundary lubrication regime. Further testing will be required to
determine the effects of boundary lubrication on seal life expectancy.
The SiC seal surfaces running in the ISO VG 85 POE oil showed slight polishing in that the surfaces became
smoother (Ra was reduced) during running. This test showed low leakage, and the reduction of surface roughness
suggests that this seal would give very long sealing life.
The cause of the high sensitivity between the oil leakage and viscosity is not fully understood. Viscosity
measurements show that the dynamic viscosity ofthe POE 320cSt oil when mixed with approximately 10% of R-22
should exhibit a viscosity similar to a ISO VG 32 POE oil and R-134a mixture. The conditions at the seal interface
however, are likely to be considerably different than the conditions used in the viscosity measurements. A likely
explanation is that a significant part of the refrigerant is outgassed before the oil enters the seal gap.

Rotating bellow/rotating mating ring
The symmetric design of the seal in the circulating oil test apparatus made it possible to run the seal with a
rotating bellows or with a rotating mating ring. The insert on the bellows seal is typically well embedded in the shell
with only approximately lmm of the insert exposed. The conductance between the seal insert and the shell is limited
due to restraints in how the insert can be clamped in order to keep it dimensionally stable. As previously shown in
Figure 4, there is a significant decrease in face temperature of 20°C or more that can be achieved by using a
stationary bellows arrangement together with a rotating mating ring with an exposed outer perimeter. This is also
supported by the work by Barnes et al.[6].

Effect of seal-chamber radial clerance
There are several examples of compressor shaft seals that have been designed with the mating ring totally
covered in the housing while at the same time the oil is injected and drained far away from the seal faces. Most shaft
seal designs also incorporate a rather large cavity around the seal. By reducing the gap between the seals outer
perimeter and the seal chamber walls it should be possible to increase the heat transfer properties. When comparing
a radial gap of 1 mm and 11.4mm the temperature difference was found to be less than the measurement variation
that is around 2°C.

Results from field tests
The results from these tests clearly show the importance of a well designed lubrication system. A very clear
evidence is the appearance of a mating ring used in the field test with a conventional seal cavity design in a
compressor operating with a ISO VG 85 POE lubricant. As shown in Figure 7, the seal face is damaged and there is
severe build-up by oxidized lubricant. A seal operating with a multi-port oil injection system under identical running
conditions typically runs at ll0°C.
This shaft seal was operated with only with ISO VG 85 POE oil and R-22 without a multi-port injector ring.
The field experiment was designed to verify the effectiveness of the multi-port injector ring. The test concludes that
oil viscosity alone is not sufficient to produce shaft seal face temperatures that are low enough to avoid formation of
oxidized oil deposits.
Many thousands of hours of operation with ISO VG 85 POE oil with the multi-port injector ring have
produced no accumulated oil deposits on the seal faces when properly cooled.
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Figure 7

Seal after 2507 hours of operation at 140-150°C showing severe build-up by oxidized lubricants.

The importance of using a lubricant with a low viscosity was tested by running a chiller for two months with a
ISO VG 150 POE using a multi port injector system. The average seal temperature was found to be slightly above
130°C and slowly decreasing over time. The system was then retrofitted with a ISO VG 85 POE and restarted. The
temperature of the mating ring was then found to be 1l2°C after the system reached steady state. This test also
clearly verifies the importance of the multi-port injector since the same system running without the injector operates
at 140-150°C as described in Figure 8.
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Effect on Shaft Seal Face Temperature by Changing Lubricant Viscosity from 150 ISO VG POE Oil
to 85 ISO VG POE Oil.

CONCLUSIONS
In general, a rotating mating ring will lower the shaft seal face temperature. The heat transfer coefficient of the
rotating part is significantly lower than that for the stationary part (bellows) due to the high surface velocity and also
by the occurrence of Taylor vortices that helps in removing gas bubbles from the surface. It is more beneficial to
utilize this effect on the mating ring since it is not covered by metal and insulated by gas pockets when the insert is
in the shell.
Multi-port injection systems has proved to be very effective in reducing the shaft seal face temperature.
Narrow clearance between the gap and the housing has limited effect at high lubricant flow rates but allows a
reduction in the lubricant oil flow rate.
Low base oil viscosity is very important for the leak rate and for the seal face temperature. However, oil with a
viscosity that is too low can result in damage to the shaft seal faces.
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Increased cavity pressure reduces corona/foam formation but increases shaft seal face temperature in
applications with a rotating mating ring. The improvement in heat transfer is countered by the increased power loss
at the seal interface. An increase in seal chamber pressure generates an increased surface load at the seal faces.
Therefore, it is important to minimize the restriction on the lubricant flow rate out of the shaft seal cavity. However,
if the seal arrangement is based on a stationary mating ring, it is beneficial to increase the seal chamber pressure by
about 100kPa above equilibrium pressure in order to reduce the corona formation.

Optimum shaft seal geometry for a refrigeration compressor
•
•
•
•

A metal bellows seal configured with a rotating mating ring with a large area exposed to the
lubricant.
The lubricant should be injected with a multi-port injector with jets directed to the seal faces
in order to break through the corona that forms around the seal face.
The pressure in the seal cavity should be as low as possible.
The lubricant viscosity should be kept low in order to reduce the face temperature.

A seal designed with these guidelines would be very reliable and operate at face temperatures of about 100°C
and thereby eliminate all forms of lubricant oxidation and deposit build up. The low shaft seal face temperatures
obtainable with such an arrangement may also improve the reliability with carbon seal face tribological pairs since
the risk of blistering is significantly reduced at low operating temperatures.
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